The in vivo passage of a neutralization-sensitive, laboratory-adapted simian-human immunodeficiency virus (SHIV-HXBc2) generated a pathogenic, neutralization-resistant virus, SHIV-HXBc2P 3.2. SHIV-HXBc2P 3.2 differs from SHIV-HXBc2 only in 13 amino acid residues of the viral envelope glycoproteins. Here we used antibody competition analysis to examine the structural changes that occurred in the SHIV-HXBc2P 3.2 gp120 exterior envelope glycoprotein. The relationships among the antibody epitopes on the conserved gp120 core of SHIV-HXBc2 and SHIV-HXBc2P 3.2 were similar. The third variable (V3) loop was more closely associated with the fourth conserved (C4) region and CD4-induced epitopes on the gp120 core in the HXBc2P 3.2 gp120 glycoprotein compared with the HXBc2 gp120 glycoprotein. Rearrangements of the second variable (V2) loop with respect to the CD4 binding site and associated epitopes were evident in comparisons of the two gp120 glycoproteins. Thus, the in vivo evolution of a neutralization-resistant virus involves conformational adjustments of the V2 and V3 variable loops with respect to the conserved receptor-binding regions of the gp120 core.
Human immunodeficiency virus type 1 (HIV-1) has evolved mechanisms to evade the humoral immune response to its envelope glycoproteins, gp120 and gp41 (20) . This is a property that HIV-1 shares with other lentiviruses (1, 5, 14, 15, 20) , suggesting that it might be necessary for the development or maintenance of a persistent, transmissible infection in vivo. The evasion mechanism(s) is manifested by the restricted ability of potentially neutralizing antibodies to bind to the native, trimeric form of the fusogenic envelope glycoprotein complex, as it exists on the surface of virions or virus-infected cells (20) . In most well-studied examples, antibody binding to this complex results in virus neutralization. In most cases, neutralization occurs by inhibition of the binding of virions to the CD4 antigen and the coreceptor molecules, associations that trigger conformational changes in the viral envelope glycoproteins and hence virus-cell fusion (20, 27, 28, 29) .
Upon in vitro passage of HIV-1, structural changes occur in the envelope glycoproteins that are associated with the acquisition of a more neutralization-sensitive phenotype, perhaps as an indirect consequence of selection for viral variants that more efficiently interact with cell surface receptors (20) . How this occurs is not yet well understood. However, studying the antibody response to the HIV-1 envelope glycoproteins during natural infections has been facilitated by the development of the simian-human immunodeficiency virus (SHIV)-monkey model (12, 13, 21, 23) . SHIVs are recombinant viruses in which segments of the HIV-1 genome (typically the tat, rev, vpu, and env genes) are inserted into a simian immunodeficiency virus backbone. SHIVs therefore express HIV-1 envelope glycoproteins yet, unlike HIV-1, efficiently infect monkeys (12, 13, 21, 23) . One of the prototypic SHIVs was SHIV-HXBc2, which contains the envelope glycoproteins derived from a T-cell lineadapted X4 HIV-1 strain (12) . SHIV-HXBc2, like HIV-1 HXBc2, is sensitive to most of the neutralizing monoclonal antibodies (MAbs) that are able to recognize epitopes present on the HXBc2 envelope glycoproteins (10, 11) . In rhesus macaques, SHIV-HXBc2 replicated only to low levels and did not cause pathology within a 3-year period (11) . Repeated in vivo passage of SHIV-HXBc2 resulted in the generation of a virus called KU-1 that could cause rapid CD4 ϩ T-lymphocyte depletion and AIDS in infected monkeys (8) . The KU-1 env gene was cloned and inserted into the parental SHIV-HXBc2 to create SHIV-HXBc2P 3.2, a virus that caused precipitous CD4 ϩ T-lymphocyte loss and induced AIDS-like disease in rhesus macaques (4) . Thus, mutations within the KU-1 env gene that resulted in only a few amino acid differences from the HXBc2 envelope glycoproteins were sufficient to account for the acquired immunopathogenicity of SHIV-HXBc2P 3.2. SHIV-HXBc2P 3.2 was also significantly more resistant to neutralization by soluble CD4 and neutralizing antibodies than the parental SHIV-HXBc2 (4). However, the epitopes for the neutralizing MAbs were retained on the monomeric SHIVHXBc2P 3.2 gp120 envelope glycoprotein (4). Thus, in vivo passage of a virus expressing neutralization-sensitive HIV-1 envelope glycoproteins generated a closely related virus with a high degree of neutralization resistance, a property typical of primary HIV-1 isolates.
The envelope glycoprotein changes that occurred in the SHIV-HXBc2P 3.2 envelope glycoproteins upon in vivo passage are shown in Fig. 1 . Compared with the parental HXBc2 envelope glycoproteins, the HXBc2P 3.2 envelope glycoproteins exhibit changes in five regions: the first variable/second variable (V1/V2) stem-loops, the second conserved (C2) region, the V3 region, the V5 region, and the gp41 ectodomain. The locations and nature of these changes are of interest. Three of the changes occur within the V1/V2 stem-loop structure, which has been implicated in modulation of neutralization sensitivity in other contexts (3, 32, 33) . One of the observed changes, within the V1 loop, involves the acquisition of an N-linked glycosylation site in the HXBc2P 3.2 envelope glycoprotein. Sugar moieties hypothetically could contribute to steric masking of neutralization epitopes on the HIV-1 envelope glycoproteins. Conversely, loss of N-linked glycosylation sites at particular locations could assist in the tighter packing of envelope glycoprotein regions involved in the masking of neutralization epitopes. Three of the HXBc2P 3.2-associated changes, one in the C2 region and two in the gp41 ectodomain, involve the loss of potential N-linked glycosylation sites. The C2 change occurs in the gp120ᏸD loop, which is located within a heavily glycosylated, outer domain rim that flanks the recessed CD4-binding region of gp120 (9, 31) . Four amino acid changes occur in the base of the V3 loop, another region that can modulate HIV-1 neutralization sensitivity (7, 25, 34) . None of these changes involve V3 residues previously implicated in coreceptor interactions (24) , consistent with our observations that both HXBc2 and HXBc2P 3.2 envelope glycoproteins utilize the CXCR4 receptor almost exclusively (4) . Finally, two residues within the HXBc2P 3.2 gp120 V5 region are altered compared with the gp120 glycoprotein of the parental HXBc2 virus.
To examine the structural basis of neutralizing antibody resistance, we performed a comparative topological analysis of the antibody epitopes on the monomeric forms of the HXBc2 and HXBc2P 3.2 gp120 exterior envelope glycoproteins, using procedures described in detail elsewhere (2, 18) . The sources of monomeric gp120s from HXBc2 and HXBc2P 3.2 were culture supernatants from 293T cells transfected with the respective env genes. The gp120 proteins were captured directly from the supernatants onto a solid phase by adsorbed sheep polyclonal antibody D7324 (2, 18, 19) . This antibody was raised to a peptide spanning the C-terminal 15 amino acids of HIV-1 LAI, a well-conserved region that is proximal to a segment of the gp41-binding site on gp120 (6, 16, 30) . Via D7324, the gp120 molecule is captured with a geometry that roughly mimics its orientation on virions, with the position of the solid phase corresponding to that of the viral membrane. Antibodies are able to react with exposed epitopes on the captured gp120 proteins (18) .
In initial experiments, antibody titration curves were performed with biotin-labeled MAbs (bio-MAbs) to determine the relative affinities of each MAb for the HXBc2 and HXBc2P 3.2 gp120 glycoproteins. The concentration of each bio-MAb required to achieve 50% of maximal binding to the two gp120 glycoproteins is shown in Table 1 . All antibodies used in the study exhibited roughly similar affinities for the HXBc2 and HXBc2P 3.2 gp120 glycoproteins, with the exception of two V3 loop-directed antibodies. The G3-1472 and 110.I antibodies both bound the HXBc2P 3.2 gp120 glycoprotein with lower affinity than the HXBc2 envelope glycoprotein. This difference in affinity probably results from a subset of the V3 loop sequence differences between HXBc2 and HXBc2P 3.2 gp120 glycoproteins. The binding curves of the bio-MAbs were used to select the optimal concentration of each bio-MAb to use in the cross-competition experiments. Typically, we used a bioMAb concentration that led to the generation of a signal at an optical density at 492 nm of approximately 1.20, which usually a The HXBc2 and HXBc2P 3.2 gp120 glycoproteins were captured on an enzyme-linked immunosorbent assay plate using the polyclonal antiserum D7324. The bio-MAbs were incubated with the captured gp120 glycoproteins at concentrations of 3 g/ml and threefold serial dilutions thereof. The bound antibody was detected as described elsewhere (18) , titration curves were generated, and half-maximum binding concentrations were calculated. D, discontinuous epitope; L, linear epitope.
b Hybridoma supernatants were used.
represented approximately 70% of the saturating binding concentration. The antibody cross-competition analysis was performed by measuring the extent of the binding of each bio-MAb, at its predetermined, optimal concentration, to gp120 in the presence or absence of competitor MAbs. The competitors were added at a fixed concentration of 5 or 10 g/ml, this usually representing a saturating concentration. Each competitor MAb was tested in triplicate, and each experiment was usually performed three or more times, ensuring that at least nine individual enzyme-linked immunosorbent assay wells contribute to the datum point for each competitor MAb. The extent of bio-MAb binding in the absence of the competitor MAb was defined as 100%. The ratio between the binding of the bioMAb in the presence and absence of each competitor was then calculated as a percentage. A value of Ͻ50% is indicative of significant inhibition of the binding of the bio-MAb by the competitor; one of Ͼ125% means that the competitor MAb has enhanced the binding of the bio-MAb, most probably by inducing a conformational change in the gp120 molecules that improves the accessibility or integrity of the epitope for the bio-MAb (2, 18).
The antibody competition matrices are shown in Fig. 2 . We have highlighted in color on the matrices those MAb combinations that lead to significant and highly reproducible differences in the extent of competition observed when the HXBc2 and HXBc2 3.2P gp120s are compared. Competition values that differ by Ն40% between the HXBc2 and HXBc2P 3.2 gp120 glycoproteins are thus colored according to the observed degree of inhibition or enhancement. Figure 3 shows a difference map, which highlights competition values that exhibit Ն40% difference between the two gp120 glycoproteins. Green squares indicate instances where either a more positive or more negative effect of competitor MAb binding was observed for the HXBc2P 3.2 gp120 than for the HXBc2 gp120. In those instances where differences in MAb affinity for the two glycoproteins do not explain the results, the more pronounced effects of competitor MAb binding indicate a closer relationship of the two epitopes on the HXBc2P 3.2 gp120 glycoprotein. A less positive or negative effect of competitor MAb binding for the HXBc2P 3.2 gp120 than for the HXBc2 gp120 probably indicates a more distant relationship between the antibody epitopes on the HXBc2P 3.2 gp120 glycoprotein, in those instances where the results cannot be explained by differences in MAb affinity for the HXBc2 and HXBc2P 3.2 gp120 glycoproteins.
Several general features of the difference map are noteworthy. There are 35 green squares but only 13 red and 12 yellow squares. The predominance of green squares suggests that there may be a greater overall proximity of antibody epitopes on the HXBc2P 3.2 gp120 glycoprotein than on the HXBc2 gp120 glycoprotein. The general positions of the highlighted squares on the matrix are also revealing. The paucity of highlighted squares in the upper left quadrant, which details the relationship between conserved epitopes in the gp120 core, indicates little overall difference between the antigenic structures of the HXBc2 and HXBc2P 3.2 gp120 cores. This is consistent with the locations of most of the amino acid differences between the two proteins in the gp120 variable regions (Fig. 1) . It is also consistent with the expectation that the intraand interdomain relationships in the gp120 core will be conserved among virus variants. This expectation is based on the high degree of conservation of the gp120 residues within the core domains and in the domain interfaces in primate immunodeficiency viruses (9, 31) .
The upper right quadrant of the difference map is heavily populated with highlighted squares, indicating substantial differences between HXBc2 and HXBc2P 3.2 gp120 glycoproteins in the relationship of the major variable loops, V2 and V3, to the conserved core (Fig. 3) . That most of these squares are green suggests that the V2 and V3 loops interact more intimately with the HXBc2P 3.2 gp120 core than with the HXBc2 core. It is noteworthy that the lower left quadrant, which details the reciprocal effects of variable loop-directed MAbs on the binding of MAbs against the gp120 core, is less populated than the upper right quadrant. This indicates that MAb binding to a gp120 core epitope is more likely to register an effect on the binding of a variable loop-directed MAb than vice versa. Some insight into this observation derives from recent studies indicating an unusually high degree of flexibility among the gp120 core domains (19a) . Ligands that bind the conserved, discontinuous structures in the gp120 core decrease this flexibility and limit the accessibility of gp120 to other ligands quite effectively (P. Kwong, R. Wyatt, W. Hendrickson, and J. Sodroski, unpublished observations). In contrast, MAbs against the gp120 variable loops do not alter the flexibility of the core; thus, the subsequent binding of ligands to the core involves a relatively flexible structure, diminishing the steric impact of the already bound antibody. Specific highlighted data points within the difference map arise from two sources: (i) differences in the relative affinities of MAbs for the HXBc2 and HXBc2P 3.2 gp120 glycoproteins and (ii) conformational changes between the two gp120 molecules that alter the relationship of epitopes on the gp120 surface. The observed differences between the gp120 glycoproteins in the competition of the G3-1472 V3 MAb by several MAbs probably arises from the significantly lower affinity of the G3-1472 MAb for the HXBc2P 3.2 glycoprotein. Likewise, the differences observed for the HXBc2 and HXBc2P 3.2 glycoproteins in the ability of the 17b and 48d antibodies to compete for binding of the 110.I and possibly the 110.J anti-V3 MAbs could be a consequence of the somewhat lower affinity of these V3 MAbs for the HXBc2P 3.2 gp120. The altered pattern of V3 MAbs competing for the binding of other V3 MAbs to the two gp120 glycoproteins reflects the relative affinities of these MAbs for the HXBc2P 3.2 gp120 glycoprotein.
Most of the observed differences in the competition maps between the HXBc2 and HXBc2P 3.2 gp120 glycoproteins cannot, however, be explained by variation in the relative affinities of the involved MAbs for the two gp120 glycoproteins. The effects of C4-directed MAbs on the 110.I and 110.J V3 MAbs, as well as on the 110.5 MAb, likely reflect a decreased distance between the C4 and V3 regions on the HXBc2P 3.2 gp120 glycoprotein. The 48d antibody against a CD4-induced (CD4i) epitope also exhibits a greater effect on the binding of the 110.5 V3 MAb to the HXBc2P 3.2 gp120 glycoprotein. This is consistent with a V3 loop position on the HXBc2P 3.2 gp120 glycoprotein that is closer to the CD4i and C4 epitopes, which overlap considerably (9, 26, 31) . The increased proximity of the V3 loop to the C4 and CD4i epitopes also explains the effects of G3-519 and 17b, C4 and CD4i MAbs, respectively, on the binding of the 48d antibody. The latter antibody recognizes a CD4i epitope but is strongly influenced by the V3 loop conformation and may even recognize elements of V3 as part of its epitope (26, 33) . Thus, the few altered relationships among core epitopes of the HXBc2P 3.2 gp120 that are evident in the difference map involve core structures exhibiting intimate relationships with a variable loop.
The conformation of the V2 variable loop must also change in the HXBc2P 3.2 gp120 glycoprotein relative to that in the HXBc2 glycoprotein. The behavior of the V2 MAbs indicates the existence of two subsets of these epitopes. Most V2 epitopes appear to be closer to the CD4-binding site (CD4BS) and C4 epitopes in the HXBc2P 3.2 gp120 glycoprotein. By contrast, the SC258 epitope appears to be more distant from many gp120 epitopes in the HXBc2P 3.2 gp120 glycoprotein. Although this potentially could result from a lower affinity of the SC258 MAb for the HXBc2P 3.2 gp120 glycoprotein than for the HXBc2 gp120, direct assessment of the SC258 binding affinities for the two gp120 glycoproteins did not reveal any significant difference (Table 1) . Together these data suggest conformational rearrangements within the V2 loop as well as movement of the V2 loop in relationship to the HXBc2P 3.2 gp120 core.
The 2G12 epitope, which is a carbohydrate-dependent structure (26a), does not appear to change its relationship to other gp120 epitopes in the HXBc2P 3.2 glycoprotein compared with the HXBc2 glycoprotein. This is consistent with the location of the 2G12 epitope on the gp120 outer domain (31) . The 2G12 epitope is thus removed from the other gp120 neutralization epitopes, including the variable loops (18) .
The antibody competition analysis was used to create models of the HXBc2 and HXBc2P 3.2 gp120 monomers (Fig. 4) . In the models, the gp120 core corresponds to the HXBc2 structure crystallized in a complex with soluble CD4 and the Fab fragment of a CD4i antibody (9, 31). As discussed above, it is likely that free gp120 can assume many conformations (19a) . However, as the only available detailed structure of the HIV-1 gp120 core is derived from this ternary complex, we have chosen to use it here. The assumptions underlying the models are that once the effects attributable to MAb affinity differences are eliminated, greater positive or negative effects in the antibody competition analysis indicate increased epitope proximity; thus, green squares in the difference map are mod- eled as greater proximity between the epitopes on the HXBc2P 3.2 gp120 glycoprotein compared with those on the HXBc2 gp120 glycoprotein. Additional constraints on the origins of the V2 and V3 strands imposed by the gp120 core structure (9) have been considered in the models.
Comparison of the models reveals a movement of the V2 and V3 loops in the HXBc2P 3.2 gp120 glycoprotein relative to the positions assumed in the HXBc2 gp120. A consequence of this movement is the approximation of the variable loops and the conserved neutralization epitopes near the receptor-binding regions. In particular, the conserved gp120 region near the CD4i epitopes that is implicated in chemokine receptor binding (22) gp120 glycoproteins differ by Ն40% are highlighted. Green squares indicate instances where either a more positive or more negative effect of competitor MAb binding was observed for the HXBc2P 3.2 gp120 than for the HXBc2 gp120; red squares indicate instances where a less positive or less negative effect of competitor MAb binding was observed for the HXBc2P 3.2 gp120 than for the HXBc2 gp120; yellow squares indicate instances where opposite effects of the competitor MAb were seen for the two gp120 glycoproteins. A plus sign indicates that the competitor MAb exerted a positive effect on the binding of the labeled antibody to the HXBc2P 3.2 envelope glycoprotein; a minus sign indicates that the competitor MAb exerted a negative effect on the binding of the labeled antibody to the HXBc2P 3.2 envelope glycoproteins.
mokine receptor-binding surface from potentially neutralizing antibodies until binding to host cell CD4 occurs, at which time steric constraints limit the interaction of these antibodies with their epitope on gp120 (25) . Masking of the receptor-binding regions of the HXBc2P 3.2 gp120 glycoprotein was not observed simply by measuring the affinity of MAbs directed against the CD4BS, CD4i, or C4 epitopes for the monomeric gp120 glycoproteins (Table 1) . Such masking may be subtle in this context or difficult to detect due to the conformational flexibility of free gp120, alluded to above. Presumably, on the functional HIV-1 envelope glycoprotein trimer, the more limited flexibility results in an improved effectiveness of the overlying variable loops in diminishing recognition of the conserved epitopes by neutralizing antibodies.
The results are consistent with predictions made regarding the structural differences between primary and laboratoryadapted HIV-1 envelope glycoproteins (17a) and with the genetic mapping of neutralization resistance determinants within the gp120 glycoproteins of other primary HIV-1 isolates (5a, 25) . Additional studies mapping the genetic determinants of neutralization resistance of SHIV-HXBc2P 3.2 should provide additional details of the structural basis of this resistance. It will be particularly important to understand the structural differences between the HXBc2 and HXBc2P 3.2 envelope glycoproteins in the context of the virion-associated oligomer. This understanding can guide attempts at intervention against HIV-1 infection by drugs and vaccines.
